We observe optical trapping and manipulation of dielectric microparticles using autofocusing radially symmetric Airy beams. This is accomplished by exploiting either the inward or outward transverse acceleration associated with their chirped wavefronts. We experimentally demonstrate, for the first time to our knowledge, that such Airy beams morph into nondiffracting Bessel beams in their far-field. Furthermore, the ability of guiding and transporting microparticles along the primary rings of this class of beams is explored.
Beam focusing has always been a subject of practical importance. For many applications it is desirable to have a wavefront's energy abruptly autofocused right onto a target while maintaining a low intensity profile up until that point. This feature could be useful, for example, in biomedical treatments and other nonlinear settings such as optical filamentation. Lately, autofocusing waves based on Airy beams [1, 2] has been proposed [3, 4] and observed [5, 6] . These field configurations rely on radially symmetric or circular Airy beams (CABs) and they can be established entirely on linear effects, i.e., without invoking any nonlinear self-focusing processes [3] . In addition, a recent theoretical study has also indicated that a superposition of Airy wavelets can asymptotically "morph" into Bessel beams in their far-field [7] . In this Letter, we report on our observation of autofocusing phenomenon for radially symmetric Airy beams with either inward or outward accelerations, and experimentally confirm for the first time this morphing behavior and show that they indeed become Bessel beams in their respective far-fields. Moreover, we also examine the trapping and guiding of microparticles using such CABs.
A circular Airy beam can exhibit either an inward or outward acceleration and the direction of acceleration is always determined by the radial Airy tails. If the tails point outwards, the CAB primary ring accelerates inwards and vice versa. First, let us generate an inward accelerating CAB by use of an off-axis hologram. Such a hologram is manifested by computing the interference between an autofocusing Airy wave and a plane wave. Similar methods with Moiré techniques have been used in the past to generate optical rotating beams and optical bottle beams [8, 9] . The experimental setup illustrated in Fig. 1 is similar to that used in our prior demonstrations of linear and nonlinear control of two-dimensional (2D) Airy beams [10, 11] . As in the case for 2D Airy beams, the CAB is generated with the assistance of a spatial light modulator (SLM). Specifically, a Gaussian beam from a Coherent Verdi laser (λ ¼ 532 nm) is sent through the SLM programmed with the desired hologram and then a 4f system with a spatial filter turns the Gaussian beam into an inward accelerating CAB. Theoretical results corresponding to this arrangement are shown in Fig. 2 .
It is clear that the beam abruptly autofocuses after a certain distance of propagation. This "focal length" directly depends on the diameter and acceleration of the initial profile. Although the CAB has a number of outer rings, the brightest ring contains approximately half of the total energy.
Note that the bright rings of the inward accelerating CAB move on a parabolic trajectory [as shown between planes a-c in Fig. 2 (e)] until autofocusing occurs. After this point, our simulations indicate that the beam profile asymptotically takes the form of a Bessel beam. In other words, the CAB morphs into a first order nondiffracting Bessel field.
Experimental data corresponding to the theoretical results of Fig. 2 are displayed in Fig. 3 . As before, the bottom panel shows the autofocusing beam from a side propagating view and the top panels display snapshots of transverse patterns at different propagation distances. For better visualization, the intensities in Figs. 3(a)-3(d) have all been scaled to the same peak intensity; however, the intensity pattern without normalization would illustrate the drastic increase of peak intensity near the "focal point" of the CAB. In Fig. 3(e) , the propagation length is about 3 cm and the beam size changed from 600 μm to 20 μm. Our findings show a good agreement between theoretical and experimental results.
Using a similar approach, we also created radially symmetric Airy beams with outward acceleration. In this case, the CAB has its brightest intensity located in the outermost ring with decreasing intensity in the radial direction towards the beam center. Corresponding numerical and experimental outcomes are juxtaposed in Fig. 4 . Intuitively, the CAB generated this way would be expected to accelerate sideways in all directions, as seen from the decaying intensity in side-view of beam propagation displayed in Fig. 4(e) . Thus, the beam actually bends outward and experiences autodefocusing rather than focusing during propagation. Yet, in spite of this "defocusing" behavior, the field again asymptotically forms a Bessel beam.
To better understand this odd behavior, e.g. why in both cases a CAB asymptotically morphs into a Bessel beam, we consider the far-field Fraunhofer diffraction pattern, which is given by the Hankel transform of the initial field distribution. In this case, the optical field envelope is described by:
where Eðr; 0Þ represents the initial radial Airy profile, i.e.,
In Eq. (2), the AE arrangement corresponds to inward and outward acceleration of CABs, respectively, and w is associated with the width of the main Airy lobe. In both cases, the Airy structure is exponentially truncated [1, 2] at a rate α and located around r 0 , the radial position of the main Airy ring. Strictly speaking, the integral in Eq. (1) cannot be exactly evaluated. Yet, we can develop a fairly accurate description of this process provided that the main radial lobe of this CAB is approximated by a delta-ring of amplitude A 0 , e.g., Eðr; 0Þ ≈ A 0 δðr − r 0 Þ. In this case, the integral of Eq. (1) can be readily evaluated and is given by:
By considering the Eqs. (1)- (3) at ρ ¼ 0, we can then determine the amplitude A 0 :
Figure 5 displays our theoretical results of this far-field Bessel-morphing behavior at a normalized diffraction distance of z=ðkw 2 Þ ¼ 10. One of the proposed applications of accelerating Airy beams is for optical manipulation of particles [12, 13] . Below, we explore such a possibility using our circular Intensity snapshots from simulation (first row) and experiment (second row) taken at planes as marked in (e) the side-view propagation along z. Notice that, overall, the beam bends outward rather than inward as seen from the "tails" and the transition into Bessel beam is less abrupt as compared with that in Fig. 2 . autofocusing Airy beams. The CAB as generated in Fig. 3 is sent into an optical tweezers-like setting as shown in Fig. 1 . Because of the autofocusing nature of the beam, the objective lens used here (40X, NA ¼ 0:65) has a much weaker amplification as compared to those used in normal settings of optical tweezers. The sample consists of 2 μm polystyrene beads in water solution sandwiched between two thin microslide glass plates. Imaging of the particles is achieved by illuminating the sample with a white-light beam from the opposite direction as captured by a CCD camera. Typical experimental results are shown in Fig. 6 , where the top panel illustrates how the particles are trapped and transported along the autofocusing beam, while the bottom panels are snapshots of the microparticles trapped at different longitudinal positions. To visualize the particle trapping at a different transverse plane, we gradually move our sample along the longitudinal direction, so the particles are always pushed against the rear glass plate, as monitored by the CCD camera. This serves as an indirect observation of particle movement along the longitudinal direction since side-view imaging is difficult in our experiment. As seen from the media file, the particles tend to form ring patterns at different transverse planes to match the primary ring of the CAB. When the radius of the ring decreases, less particles can stay trapped in the ring. At the "focal point", when the beam abruptly focuses into a bright spot, only one particle can be trapped stably [ Fig. 6(e) ] by the beam while other particles can move around the beam. After the "focal point", the focused Airy beam turns into a Bessel beam, in which more particles can be attracted to the high-intensity region of the central bright spot as well as adjacent rings. This suggests that the CAB can be used as a tapered channel guide for microparticles.
In summary, we have shown that circular autofocusing Airy beams can be generated and morphed into Bessel beams. By use of the autofocusing beams with inward acceleration, we have demonstrated optical guiding of nonabsorbing microparticles. We mention that such optical manipulation relies on gradient forces as in optical tweezers, but different from recent demonstrations of optical trapping of airborne particles based on photophoretic forces [9, 14, 15] . Our results with optical autofocusing beams bring about new possibilities for trapping and guiding microparticles in a controllable fashion, which may find applications in optical, biological, and atmospheric sciences. 
